ABSTRACT. We describe changes in glaciers of
INTRODUCTION
Glaciers in central Asia have shrunk significantly over the past half-century and are forecasted to continue to do so. This observation has led scientists to give increased attention to climate-led changes in the mountain cryosphere (Shangguan and others, 2006; Farinotti and others, 2015; Pieczonka and Bolch, 2015) . According to forecasts, glacier extent in the main river basins of central Asia during the current century could be reduced by several times or could shrink to zero if conditions remain similar to those of today (Vilesov and Uvarov, 2001; Cherkasov, 2002 ; Severskiy and others, 2012a) .
The results of research published in the last 20 years leave no doubt that there is a reduction of glacier area in all the countries of High Mountain Asia, from the Himalaya, Hindu Kush, Karakoram and Pamir in the south to the AltaiSayan mountain system in the north (Shchetinnikov, 1998 ; Aizen and others, 2006 ; Liu and others, 2006 ; Narama and others, 2006 ; Shangguan and others, 2006; Bolch, 2007; Li and others, 2007; Niederer and others, 2007; Shi, 2008; Cogley, 2016) . Results of recent English-language studies of climatic changes and their manifestation in the dynamics of mountain cryosphere components (seasonal snow cover and glaciers) and of river runoff are summarized in two review articles (Sorg and others, 2012; Unger-Shayesteh and others, 2013) and in Narama and others (2010) . The content of more than 100 scientific publications during the last 20 years, most of which are devoted to the Tien Shan territory, is analyzed by Unger- Shayesteh and others (2013) with the main focus on climate-led changes in the main components of the hydrological cycle: seasonal snow cover, glaciers and river runoff. The results of that analysis can be summarized as follows.
The glaciation of the Balkhash-Alakol basin is one of the most studied in central Asia. For this basin, there are several comparable glacier inventories for the period 1955-2011/12 . These inventory data serve as the basis for the summary given below.
Glaciologists have studied the glaciation of the Balkhash-Alakol basin for many decades. The northern slope of the Zailiyskiy Alatau is the most thoroughly studied subregion (e.g. Makarevich and others, 1969, 1984; Vilesov and Uvarov, 2001 ; others, 2006, 2012b) . Systematic glaciological studies, starting with the creation of the Geography Sector of the Academy of Sciences of Kazakhstan in 1938, became significantly more active under the programs of the International Geophysical Year and International Hydrological Decade, and have successfully continued within the priorities of the long-term UNESCO International Hydrological Program. Since 1957, mass-balance measurements have been conducted on central Tuyuksu glacier as part of a regular field study programme. Since 1972 these studies have been conducted year-round. The state of glaciers in this area of the northern Tien Shan is documented in the unified (similar by content) glacier inventories on the basis of aerial photography and satellite images for the years 1955, 1975, 1979, 1990 and 2008 .
The glaciers of the part of the Jungar Alatau within Kazakhstan are well studied and mainly documented by Cherkasov (1969 Cherkasov ( , 1970 Cherkasov ( , 1975 Cherkasov ( , 1980 Cherkasov ( , 2002 and in recent reviews (Vilesov and others, 2013 ; Kaldybayev and others, 2016) . For this region, unified glacier inventories have been prepared for 1956, 1972, 1990, 2000 and 2011 . The glaciers of the Chilik river basin are also well studied (Vilesov, 1968; Vilesov and Uvarov, 2001) , as are the glaciers of the ChonKemin and Chon-Aksu basins (Fateev and Cheban, 1969) .
It is more difficult to evaluate changes in the glaciation of the Chinese part of the Ili river basin. Only two glacier inventories for this territory are known: one created on the basis of aerial photography from 1962/63 (Ding and others, 1986; Shi, 2008) , and the second completed on Landsat Thematic Mapper (TM)/Enhanced TM Plus (ETM+) images for the period 2006-10 ( Guo and others, 2015) . There is also a study of changes of glaciers in the Keksu river basin during 1963 -2004 (Gao and others, 2011 .
First-order inter-basin and inter-regional differences in rates of deglaciation have been studied across the mountains of Eurasia (Shchetinnikov, 1998; Dyurgerov and Meier, 2005; Kotlyakov, 2006) as well as for glaciers worldwide (Dyurgerov and Meier, 2005; WGMS, 2008; Dyurgerov, 2010) . The largest inter-regional differences are observed between zones of maritime and continental climate (e.g. in the glacier regime of the southern and southeastern periphery of the Himalaya, which is subject to a monsoonal climate, and the Hindu Kush-Karakoram and Tibetan Plateau, which are subject to a continental climate (Dyurgerov and Meier, 2005; WGMS, 2008; Dyurgerov, 2010) ). These differences are determined by the nature of the mountainglacier basin (peripheral vs intra-mountainous areas), exposure and aspect of the mountain ridges, and basin orientation relative to the prevailing direction of atmospheric moisture transfer (Kotlyakov, 2004 (Kotlyakov, , 2006 Severskiy and others, 2006 Severskiy and others, , 2009 Severskiy and others, , 2012a ).
The differences under study would be more reliably evaluated on the basis of comparative analysis of multiple unified glacier inventories. Unfortunately, such datasets are still rare (Nuimura and others, 2014; Pfeffer and others, 2014) .
DATA AND METHODS
We completed series of glacier inventories for three main glacier systems: the Balkhash-Alakol basin, ZailiyskiyKungei (for 1955 ZailiyskiyKungei (for , 1975 ZailiyskiyKungei (for , 1979 ZailiyskiyKungei (for , 1990 ZailiyskiyKungei (for and 2008 Jungar (for 1956 Jungar (for , 1974 Jungar (for , 1990 Jungar (for , 2000 Jungar (for and 2011 located in Kazakhstan; and the upper Ili glacier system, located within the Chinese part of the Ili river basin, for 2000, 2008 (Kash river basin) and 2011 (whole glacier system) (Fig. 1) . In addition, we used the data of the first glacier inventory of the upper Ili glacier system for 1963 completed by Ding and others (1986) . These inventories are identical in content, and for each glacier contain information on length, area, volume, location, morphological type, exposure, absolute elevation of the lowest and highest points, and elevation of the firn line (used as a proxy for equilibrium-line altitude (ELA)).
Glacier inventories before 1990
E. Vilesov and R. Khonin prepared glacier inventories for Zailiyskiy Alatau for 1955 Alatau for , 1974 Alatau for and 1979 on the basis of aerial photography. The 1955 glacier inventory was based on 1 : 100 000 topographic maps, which were themselves based on aerial photography from 1955/56. Precision in determination of the glacier area was equal to 0.1 km 2 , and error in determination of the glacier area within the basins was 5-7% (Vilesov and Khonin, 1967; Vilesov, 1968 Vilesov, , 1969 Vilesov and Uvarov, 2001 ). The inventories of 1974 and 1979 are based on 1 : 25 000 maps. The glacier area was determined by planimeter with a precision of 0.01 km 2 , and the error in determination of the area did not exceed 3% (Vilesov and Uvarov, 2001) . P. Cherkasov prepared glacier inventories for Kazakhstan's Jungar region for 1956 and 1972 from 1 : 25 000 and 1 : 50 000 topographic maps (Cherkasov, 1969 (Cherkasov, , 1970 (Cherkasov, , 1975 (Cherkasov, , 1980 . The topographic maps for 1956 and 1972 were based on aerial photography, and outlines of all glaciers were determined and transcribed from those maps. The outlines of glaciers were adjusted based on field measurements on the glaciers. In preparing the inventory of glaciers as of 1990 (Cherkasov, 2002) , the area of glaciers was determined with the help of an overlay grid (reticulation) with square cells of 1 mm 2 on maps of 1 : 25 000 scale. All morphometric parameters of glaciers were obtained by cartometric analysis of the above-mentioned large-scale topographic maps with the aid of aerial photographs from 1955 and 1956 in accordance with the recommendations of Vinogradov and others (1966) . Since the accuracy in determining glacier area depends on its size, to calculate the root-mean-square error (RMSE) in measurement of the total glacier area of particular basins, all the glaciers were grouped into size classes, as determined by binning the number of divisions of an overlay grid (reticule) overlapping each glacier. The standard error of the area is defined as m ¼ �ð0:38 þ 0:044 ffi ffi ffi F p Þ, where F is the number of overlapping divisions of the overlay reticule, corresponding to each bin. The average error in the area measurement of the Koksu and Karatal river basins was 6.71% and 4.79%, respectively (Cherkasov, 1980) . This finding is consistent with the results of a similar evaluation based on satellite images, according to which the standard deviation of the digitization of the same glaciers on Landsat imagery by different operators varied from 2.7% to 14.6% with an average of 3.5% (Paul and others, 2013) 
Glacier inventories after 1990
Glacier inventories of the Balkhash-Alakol basin for the years following 2000, identical in content to the catalogues mentioned above, were prepared on the basis of the 1 : 25 000 maps of the state survey, and on satellite images from Landsat 7 ETM+ and Landsat 8, processed to level L1T, i.e. orthorectified using a digital elevation model (DEM) and surface reference points (Table 1 ). The dataset GLS2000 (Global Land Survey 2000; http://landsat.usgs.gov/ GLS2000_Accuracy.php) serves as the basis for geometric correction. The RMSE in GLS2000 is less than one pixel of the image, which corresponds to an accuracy of 30 m or better (http://landsat.usgs.gov/GLS2000_Accuracy.php). All images were obtained from the United States Geological Survey GLOVIS (Global Visualization Viewer) website (http://glovis.usgs.gov/). The images were acquired during the ablation period with minimum seasonal snow and cloud cover. All images and maps were reprojected into a WGS84 UTM projection. The RMSE of the geometric correction was from 5 m to 8 m. The error of determination of the area of select glaciers using manual digitization of glacier bound- aries from Landsat images is <5%, and the error of determination of the area of a larger set of glaciers (>100) decreases to <3% due to cancellation of positive and negative errors (Kutuzov, 2012; Paul and others, 2013) . Processing of the images and manual mapping of the glaciers onto them were performed according to the methods detailed in Bolch (2006) , Paul and others (2009) and Kokarev and Shesterova (2011) . The glacier area (debris-free ice) and surrounding moraines were mapped using false-colour composite bands (Fig. 2) . Comparison of the glacier outlines from different dates allowed the determination of the reliability of the glacier boundaries. Panchromatic images with spatial resolution of 15 m were used along with the multispectral imagery to decrease the mapping error. Image-preprocessing steps depended on image source. Image sources include Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Indian Remote-sensing Satellite (IRS; Linear Imaging SelfScanning sensor 3 (LISS-3)), Advanced Land Observing Satellite (ALOS) and IKONOS, with resolutions of 15, 23.5, 10 and 1 m, respectively. The DEMs SRTM2 and ASTER GDEM2 were used to aid the determination of glacier boundaries and morphometric parameters. These two DEMs helped to identify the borders between the glacier watersheds, as well as to determine more correctly the morphological type and aspect of the glaciers. Earlier assessments conducted within the GLIMS (Global Land Ice Measurements from Space) framework have confirmed that human interpretation remains the best tool for extracting detailed information from satellite imagery for many types of glaciers, particularly when mapping is conducted by the same person using a combination of different types of imagery ( Kutuzov and Shahgedanova, 2009 ; Paul and others, 2009). Changes in area of Bogdanovich glacier ( Fig. 1) for the first 48 years are comparable to the changes over the following 45 years . This is consistent with changes considered below.
Derivation of glacier volume
Glacier volume was calculated based on thickness measurements of selected glaciers taken on the basis of aerial and surface radio-echo sounding ( Macheret and others, 1988; Cherkasov and Nikitin, 1989) . The relation between the debris-free glacier area S (km 2 ) and volume q (km 3 ) is approximated by a power-law function of the following type:
For larger valley glaciers with areas greater than 3 km 2 , this relationship is
and for cirque glaciers and valley glaciers smaller than 3 km 2 it is
The error in area as determined by Eqn (2) is �3.21%, and by Eqn (3) is �8.8% ( Macheret and others, 1988) . We emphasize that Eqns (2) and (3) should be applied only over entire regions. These equations are based on thickness measurements of 130 selected glaciers by aerial and surface radioecho sounding in Jungar Alatau. Obviously, in other climatic conditions, the parameters in Eqns (2) and (3) may differ. For small mountain glaciers, such as mountain apron glaciers, we propose to employ the formula used to determine the thickness of glaciers on the slopes of volcanoes of the Rocky Mountains, North America ( Driedger and Kennard, 1986) :
RESULTS AND DISCUSSION Observed changes in the mass balance of Tuyuksu glacier
We use the glacier mass-balance time series of central Tuyuksu glacier (hereafter Tuyuksu glacier) to begin to investigate the overall character of regional glacier changes. This glacier is in the WGMS network. (Fig. 3) shows the negative trend in glacier mass. The mass balance over 50 years is -18.9 m w.e. The water-equivalent glacier surface has lowered by 0.38 m a -1 (Fig. 3) . The reliability of the mass-balance data is demonstrated by the results of repeated large-scale stereophotogrammetric surveys conducted by German land surveyors in 1958 (Gletschergebiet Tujusku, 1961 Eder and others, 2005) . The comparisons of changes in the surface level of Tuyuksu glacier showed that the average mass balance for 40 years, calculated on the basis of these photogrammetric surveys, differs from the direct observations only by 0.06 m w.e.
The general character of changes in components of the mass balance of Tuyuksu glacier for the whole period of observations is given in Figure 4 . As shown in Figures 3 and  4 , between 1958 and the early 1970s the glacier remained in a relatively stable state. During this period, the annual mass balance was positive for 8 years and reached a maximum (0.50 m w.e.) in 1963 and in 1964 . During the 15 years between 1958 and 1973 , the values of winter balance exceeded 1.0 m w.e. ten times, and the annual mass balance was positive eight times. The situation changed markedly starting in 1973 and for the subsequent 5 years when the winter mass balance decreased from 0.70 to 0.30 m w.e., and summer balance increased sixfold, reaching a maximum of 1.8 m w.e. in 1978. Then, after a short stable period at around -0.60 m w.e., the general trend was toward negative annual mass balance, a trend which continues to the present. There was a correlation in trends of the annual and winter mass balance (Fig. 4) . The abrupt change of the glacier mass balance in the early 1970s is typical for the Tien Shan as a whole (Cao, 1998) . It should be noted that, in the vast majority of cases, the higher the value of the winter mass balance, the lower the loss of long-term ice in the following ablation period. The obvious reason for this is that the greater the snow accumulation during the cold period, the later the onset of ablation of multi-year ice, other factors being equal. This general pattern is violated only in years with anomalously cold summers, as is illustrated in the years 1982, 1993, 2003 and 2009 (Figs 4 and 5) in which, even with relatively small values of winter accumulation, the annual mass balance was close to zero or positive due to cold summers.
The observed changes in the annual balance are consistent with the observed changes through time in the glacierized area of the Zailiyskiy-Kungei glacial system. At the beginning of the study period, the rate of glacierized area reduction increased by up to 1.65% a -1 ; later it decreased by 0.67% a -1 in the first decade of the 21st century others, 2006, 2012b; Severskiy, 2009 ).
Changes in glacierization of Zailiyskiy-Kungei glacial system
In order to study changes in glaciation and causes of interbasin and inter-regional differences, it is important to collect data on the glacierization of the whole glacial system, i.e. sets of glaciers with common interconnections with the environment ( Kotlyakov and Komarova, 2007) . Studies of changes in glacial systems require synchronous cataloguing of the glaciers over significant areas for different years separated by a minimum of one to three decades. Such studies are relatively rare (Shangguan and others, 2009; Bolch and others, 2010) .
In this context, we evaluate the utility of studying related glacial systems by monitoring particular basins. We assume that the factors that determine inter-basin and inter-regional differences in glacial systems are manifest, to some extent, in the annual glaciological characteristics and that, on average, their influence over the long term remains more or less stable.
Comparative analysis of glacier inventories that contain characteristics of the glaciers' status for the last half-century illustrates the stability of correlation between the glacierized area in a particular basin and that of the larger glacial system (Severskiy, 2011) . Table 2 shows that, for the period 1955-2008, the proportion of glacierized area of the particular river basins in the total glacierized area of the northern slope of Zailiyskiy Alatau (northern Ili glacial system) changed only slightly.
It should be pointed out that, within a single glacial system, typical rates of mass loss are high for glaciers on the southern flanks of the ridges, and relatively low for glaciers of intra-mountainous areas and orographically closed basins with an eastern aspect ( Severskiy and others; , 2012a Severskiy, 2009) .
On the basis of the results from the above-mentioned glacier inventories of the Zailiyskiy-Kungei and Jungar glacial systems, and of similar data for the Altai (Nikitin, 2009) and Gissar-Alai (Shchetinnikov, 1998) , we conclude that the error in total glacierized area tends exponentially to approach a constant as that total area increases, and a threshold of 13-14 km 2 can be identified above which the error changes little. The error does not exceed �10% for total glacierized areas >5 km 2 , and <�5% for areas >10 km 2 (Severskiy, 2011; Severskiy and others, 2012b) . The stability of these correlations is evidence of similar responses to climate change by glaciers in particular basins to those of their corresponding whole glacial systems. This finding allows us to perform operational monitoring of the glacial systems: once the area of glaciation in the control basin and its share of total area of the glacierization in the region (or group of basins) has been evaluated, it is relatively straightforward to estimate the area of glacierization in the respective whole glacial system.
We used the data from a series of consecutive glacier inventories of the northern slope of the Zailiyskiy Alatau ridge to assess the reliability of calculating the glacierized area of a complete glacial system S c on the basis of the glacierized area of a particular basin S p (Table 3) . Taking the measured glacierized area of a particular basin (S; km 2 ) for the current year and the share of this area in the total glacierized area of the glacial system (S p ; %) in the most recent previous catalogue of glaciers, it is straightforward to estimate the total value of S c for the current year.
As follows from Table 3 , for the overwhelming majority of cases (94%), the relative error of calculation of glacierized area of the complete glacial system S c does not exceed 10%, and in 56% of cases is <5%. Judging from the data in Table 3 , the glacierized area of the Aksai river basin for 1955 was substantially understated. The calculated area of the glacial system (S c ) and error of calculation (�S; %) are accordingly larger for 1974. If we accept that the share of Table 2 . Changes in percentage of glacier area in particular basins relative to total glacier area on the northern slope of Zailiyskiy Alatau (only the area of debris-free ice is taken into account) glacierized area of the Aksai river basin (S/S t ; %) is equal to 5.4%, which is typical for 1974, 1979 and 2008 , then the calculation error (�S; %) does not exceed 0.5%. Thus, we can conclude that the results of the calculation of the glacierized area of a complete glacial system based on the glacierized area of the particular basin are close to actual values. The stability of the studied correlations allows comparative analysis of the condition of the different glacial systems and investigation of the reasons for inter-basin and interregional differences in response of the glacial systems to climate changes.
The correlations between the areas of particular glaciers and of glaciers in the corresponding basin are stable in time and allow us to use the areas of particular glaciers to estimate the glacierized area in the whole basin, significantly extending opportunities for monitoring the dynamics of glacierization in different regions and for reconstructing mountain glaciation on the basis of photographs and instrumental surveys of particular glaciers made before satellite-based glacier inventories. Table 4 and Figure 6 show the respective data of glacierization on the northern slope of the Zailiyskiy Alatau ridge and in the Chilik river basin. These results suggest that glaciation in these basins during the last half-century changed linearly (Fig. 6 ) at rates that differed only moderately (between -0.57 and -0.76% a (Table 4) .
For comparison, we single out three glacial systems within the Balkhash-Alakol basin: the northern Ili system, which consists of glaciers on the northern slope of the Zailiyskiy Alatau; the Jungar glacial system, which includes glaciers in Kazakhstan's part of Jungar Alatau; and the upper Ili glacier system, which includes glaciers in the Chinese part of the Ili river basin.
Changes in glacierization of the Jungar glacial system
For Kazakhstan's part of Jungar Alatau, the unified glacier inventories have data for 1956, 1972, 1990, 2000 and 2011. We use the concept of stability of proportion of glacier area of a particular basin relative to the total glacier area of the corresponding glacial system to calculate the glacier area in the Jungar glacial system for 1979 and 2008 , combining the Jungar and northern Ili glacial systems into a single system. Relevant area data are given in Table 5 . Clearly, the Table 4 . Changes of glacierized area in Zailiyskiy-Kungei glacial system within Balkhash-Alakol basin using data from unified glacier inventories District (basin) Glaciation area Average annual rate of reduction 1955/56 1975 1979 1990 2008 1955/56-75 1975-79 1979-90 1990-2008 1955/56-2008 proportion of glacier area of each glacial system relative to the total glacier area of the northern slope of the Zailiyskiy Alatau and Kazakhstan's part of Jungar Alatau is stable in time. Using the 3 year average values of fraction of glacier area of each glacial subsystem in the total area, it is possible to calculate glacier area of the Jungar glacial system for the inventory years 1979 and 2008 for the northern slope of the Zailiyskiy Alatau. According to these results, the glacierized area of the combined glacial system (northern Ili plus Jungar within Kazakhstan) for 2008 was 669.36 km 2 . The fraction of Jungar glacial system relative to the total area, on average, for the three years of synchronous glacier cataloguing was 74.31%. Therefore, the area of the Jungar glacial system within Kazakhstan for 2008 can be estimated as 497.4 km 2 . Similarly, the calculated glacierized area of the Jungar glacial system for 1979 is 662.8 km 2 . Next, we determine the glacier area in each of four districts of Kazakhstan's Jungar region relative to the total area of the Jungar glacial system on the basis of the glacier catalogues for 1956, 1972, 1990, 2000 and 2011 (Table 6 ).
According to the data given in Table 5 , on average during the whole period studied, the highest rate of glacier shrinkage occurs on the southern flank of the Jungar Alatau, and the lowest rate in the northern and eastern districts. The glacier area of the whole Jungar system is reduced at an average rate of about 0.8% a -1 , which is similar to the average rate of reduction of glacier area in the Zailiyskiy-Kungei glacial system ( others, 2006, 2012a,b) , as well as glacierization of other outer ridges of the mountain systems in central Asia (Batyrov and Yakovlev, 2004 ; Aizen and other, 2006; Bolch, 2007 Bolch, , 2015 ; Kotlyakov and others, 2012; Sorg and others. 2012 ; Usubaliev and others, 2012; UngerShayesteh and others, 2013; Vilesov and others, 2014) .
The fraction of glacier area of each district of Kazakhstan's Jungar Alatau is also stable in time (Table 6) . Using 4 year averages of proportion of total glacier area of each district relative to the total area of Jungar glacial system and taking into account its share of the total glacier area of Jungar and Zailiyskiy-Kungei glacial systems (Table 5) , we determined the glacier area of each district of Kazakhstan's Jungaria for 1979 and 2008 (Table 7 ; Fig. 7) .
Clearly, changes in glacierization of the group of basins (regions) in Kazakhstan's part of the Jungar Alatau during the whole period of study occurred linearly. As reported by others (2006, 2012b) , the highest rate of glacier mass loss is typically found in the basins of the southern Jungar Alatau, and the lowest rate is for the orographically closed basins. Notes: Inventories of glaciers in southern and western districts are based on satellite images in 2011, and in the northern and eastern districts on satellite images in 2012. Average rates of reduction of glacier area over 55 years in the first case, and over 56 years in the second case, are given in the rightmost column. The area of glaciers in the southern district of Kazakhstan's Jungaria for all years is given, and includes the area of glaciers in the part of the Khorgos river basin that was transferred to China in the 1990s by interstate agreement.
Changes in glacierization of the upper Ili glacial system
It is more difficult to evaluate changes in the upper Ili glacial system, which combines glaciers from the Chinese part of the Ili river basin, because only two catalogues of glaciers are known for this territory. The first was prepared on the basis of aerial photography from 1962/63 using the topographic base of scale 1 : 100 000 (Ding, 1986; Shi, 2008) . The other is the second Chinese glacier inventory, completed on Landsat TM/ETM+ images from 2006-10 ( Guo and others, 2015) and a study of changes of glaciers in Keksu river basin during 1963 -2004 (Gao and others, 2011 . In addition to these catalogues, using Landsat 7 ETM+ satellite images, we have created a complete glacier catalogue of the Chinese part of the Ili river basin as of 2011, and catalogues of glaciers of the Khorgos river basin as of 2000, and Kash river basin as of 2008. Furthermore, on the basis of the data on glacier area in the Khorgos and Kash river basins and the share of glacier area of each particular basin relative to the total area of glacier ice in the Chinese part of the Ili river basin, we calculated the glacierized area of the whole upper Ili glacial system as of 2000 and 2008 . As a result, we obtained values for the glacierized area of the Chinese part of the Ili river basin as of 1963, 2000, 2008 and 2011 .
The glaciers, whose numbers could not be defined from the first catalogue, were assigned as 'unaccounted' for the earlier period; 294 such glaciers were found in the Chinese part of the Ili river basin, with a total area of 25.55 km 2 and an estimated volume of 0.43 km 3 . During the period since the first inventory of the Chinese part of the Ili river basin, 418 glaciers disappeared. Their total area was 65.46 km 2 and their volume was 1.41 km 3 . The highest losses of glacier area are for the Kunges and Khorgos river basins. That could be explained by relatively low elevations of the ridges as well as by the southern aspect of most of the glacier ice. Owing to the disintegration of large glaciers into fragments, the total number of glaciers in the Chinese part of the Ili river basin increased 1.5-fold during the period 1963-2011. The area of their debris-free parts decreased by 29%, and the ice volume by 45%.
Comparisons of glacierization changes in the three glacier systems
We compared the data on the dynamics of glacierization of the three main glacial systems within the Balkhash-Alakol basin (northern Ili, Jungar and upper Ili) for similar periods, and the final results of evaluation of changes in glacierization are given in Table 8 . Changes in area of the debris-free parts of the glaciers in these three glacial systems are compared in Figure 8 The rate of reduction of glacier area in the upper Ili glacial system from 1963 to 2008, on average, is -0.68% a -1 . On the basis of the glacier area of all three glacial systems in the Balkhash-Alakol basin for 2000 and 2008, we determined the fraction of glacierized area of each of them compared to the total area. On average, for the two years it amounted to 8.08% for the northern Ili glacier system, 23.38% for the Jungar system and 68.54% for the upper Ili glacial system.
On the basis of these results and calculated areas of the northern Ili and Jungar glacial systems, and taking into account the stability of correlations of glacierized area in the particular basins (or groups of basins) relative to total glacier area of the respective total glacial system, we calculated the glacierized area of the Chinese part of the Ili river basin as of 1956 to be 2386.3 km 2 . We also estimate the average rate of glacier mass change of the upper Ili glacial system from 1956 to 2008 to be À 0:73% a -1 , which is comparable with the rates of reduction of glacierized area in the northern Ili and Jungar glacial systems during the same period.
The results obtained lead us to conclude that, in spite of significant inter-basin differences, glacierization of the three glacial systems in the Ili river basin within Kazakhstan as well as on Chinese territory is changing uniformly. Differences in the rates of glacier shrinkage are small. On the southern flanks of the ridges, the rates of mass loss are much higher during the comparable periods than they are on the northern flanks. Minimum rates of glacier mass loss are found in orographically closed basins on the eastern periphery of the mountainous countries. 
CONCLUSION
The results of comparative analysis of the data from the series of unified inventories of glaciers of the ZailiyskiyKungei glacial system for 1955, 1975, 1979, 1990 and 2008 , for the Jungar glacial system for 1956, 1972, 1990, 2000 and 2011, and for the upper Ili glacial system for 1963 and 2011 leave no doubt that the fraction of glacier area of particular basins relative to the total area of glacierization of the respective glacial system is stable in time. This finding allows for operational monitoring of the state and dynamics of glacial systems through the measurement of glacier area in selected basins. By varying the structure and glacier area of the glacial systems, we can make the glacier areas of different particular glacial subsystems more comparable and we can shed light on the reasons for inter-basin differences of glacier response to climate change. Although there are significant inter-basin differences, the glacierization of the studied systems is characterized by common trends and similar rates of reduction in glacier area and volume.
The glacial systems of the Balkhash-Alakol basin have changed linearly over the whole study period, with similar shrinkage rates. Glacier degradation is generally linear for the whole period studied. Rates of glacier reduction in the Balkhash-Alakol basin follow changes in accumulation (winter mass balance) and summer temperature. Rates of degradation of glaciers increased markedly at the beginning of the study period and, after reaching a maximum in the mid-1970s, decreased thereafter.
Judging by the dynamics of components of the mass balance of Tuyuksu glacier, the period of most intensive degradation ended at the beginning of the 1980s and, starting from the mid-1990s, the annual mass balance became less negative. The glacier has therefore seen a slight improvement in conditions for its continued existence. 
